Although cereal crops all belong to the grass family (Poacea), most of their diseases are specific to a particular species. Thus, a given cereal species is typically resistant to diseases of other grasses, and this nonhost resistance is generally stable. To determine the feasibility of transferring nonhost resistance genes (R genes) between distantly related grasses to control specific diseases, we identified a maize R gene that recognizes a rice pathogen, Xanthomonas oryzae pv. oryzicola, which causes bacterial streak disease. Bacterial streak is an important disease of rice in Asia, and no simply inherited sources of resistance have been identified in rice. Although X. o. pv. oryzicola does not cause disease on maize, we identified a maize gene, Rxo1, that conditions a resistance reaction to a diverse collection of pathogen strains. Surprisingly, Rxo1 also controls resistance to the unrelated pathogen Burkholderia andropogonis, which causes bacterial stripe of sorghum and maize. The same gene thus controls resistance reactions to both pathogens and nonpathogens of maize. Rxo1 has a nucleotide-binding siteleucine-rich repeat structure, similar to many previously identified R genes. Most importantly, Rxo1 functions after transfer as a transgene to rice, demonstrating the feasibility of nonhost R gene transfer between cereals and providing a valuable tool for controlling bacterial streak disease.
B
road-spectrum durable disease resistance is a long-standing goal for crop protection, particularly in developing countries, where control measures for many diseases are limited (1) . Because they are relatively easy to manipulate in breeding programs, the sources of resistance targeted are most commonly single race-specific resistance (R) genes, which are identified in the plant host species and are effective against only particular strains or races of one species or pathovar of a pathogen. R genes code for proteins that recognize the presence of specific pathogens and rapidly initiate defenses, commonly including a hypersensitive cell death response (HR; ref. 2). Although highly effective for the control of many diseases, often these R genes are not durable because of changes in the pathogen population to overcome the resistance they confer. In addition, there are diseases where these types of R genes have not yet been found in the given host plant species. Two such examples in rice are bacterial leaf streak, caused by Xanthomonas oryzae pv. oryzicola (X. o. pv. oryzicola; ref. 3 ) and sheath blight caused by Rhizoctonia solani (4) .
Apart from the use of race-specific R genes, another option for broad-spectrum durable resistance might be the use of nonhost resistance, which is defined as resistance that prevents a given plant species from hosting pathogens of other species (5) . Nonhost resistance responses can have many components in common with responses activated in host resistance, including deposition of physical barriers, accumulation of antimicrobial compounds, and the HR. Although the mechanisms for signaling are unknown, some reports suggest nonhost resistance may also be conditioned by single genes. For example, silencing of the Sgt1 gene in Arabidopsis can abolish both host and nonhost resistance (6) . In addition, differences in host range between different strains of a pathogen can be under simple genetic control (7) (8) (9) (10) (11) (12) (13) , implying the corresponding host resistances also may be simply inherited. At present, the use of nonhost resistance in disease control programs is limited, because little is known about the genes controlling this type of resistance, and because they may fail to function after transfer to distantly related species, as has been observed for some R genes (14) .
In a previous study, we demonstrated that a nonhost resistance reaction in maize to the rice pathogen X. o. pv. oryzicola is under the control of a single gene, designated Rxo1 (15) . Maize lines with Rxo1 exhibited a strong HR after infiltration with X. o. pv. oryzicola that carries the corresponding avrRxo1 gene (16) . The avrRxo1 gene encodes a type III bacterial effector protein that can incite a strong HR on maize line B73 (Rxo1) (16) . In this study, our objectives were to isolate the Rxo1 gene and determine whether this gene would function in rice, which diverged evolutionarily from maize Ϸ50 million years ago (17) . We used anonymous R gene-like sequences as probes to isolate Rxo1 and four other family members. The identity of Rxo1 was proven in both transient and stable expression assays in maize. Finally, we demonstrated that Rxo1 functions in rice to reduce multiplication of pathogenic bacteria harboring the avrRxo1 gene, suggesting that Rxo1 will be useful for controlling X. o. pv. oryzicola in rice.
Materials and Methods
Plant Materials and Plant Assays. Maize and rice seedlings were grown in greenhouses or growth chambers (12 h light at 30°C and 12 h dark at 25°C). Growth of bacterial inoculum, infiltration of seedlings with bacteria, and microprojectile bombardment of seedling leaves were performed as described (16) .
Bacterial Artificial Chromosome (BAC) Library Screening and Analysis.
To identify Rxo1, the Clemson University Genomics Institute's (CUGI) BAC library was screened with probe PIC19, a nucleotide-binding site-leucine-rich repeat (NBS-LRR) gene (18) that cosegregates perfectly with Rxo1 function, by using protocols provided. Hybridizing BAC clones were obtained from CUGI. BAC plasmid DNA was prepared by using a standard alkaline lysis protocol, and purified plasmids were digested with HindIII and fractionated in 0.7% agarose gels. BAC clones that shared common HindIII restriction fragments were grouped. The clones were then progressively and continually reordered on subsequent agarose gels, so that similar clones were adjacent for easy comparison. The last gel was blotted and probed with the PIC19 probe. DNA probes were labeled with [␣-32 P]dATP by random priming (19) , and DNA blot hybridizations were performed at 65°C and washed at 65°C with 0.2ϫ SSC, 0.1% SDS.
Isolation of cDNAs. The 5Ј and 3Ј ends of transcripts of PIC19 gene family members were determined by using the 5Ј and 3Ј RACE PCR systems (version 2.0; Life Technologies, Grand Island, NY). Total RNA was isolated from leaf tissue of maize B73 seedlings by using the TRIzol reagent (Life Technologies). The 5Ј RACE PCR was performed by using a nested PCR approach. For the first-round amplification, the 5Ј Abridged Anchor Primer supplied in the 5Ј RACE kit was combined with primer X450R (5Ј-GCTCATTACTAATCAGTTTCAT-3Ј), which was designed by using conserved sequences close to the start codon. After 20 cycles, 1 l was used for template for the second-round PCR by using the 5Ј Abridged Anchor Primer and X340R (5Ј-TTCAGGACAAGAAGAACAGCAATC-3Ј). Parameters for the first-round PCR were: 10 cycles of 94°C for 2 min, 60°C for 30 sec, 72°C for 1 min, and finally 72°C for 10 min. The same parameters were used for the second-round PCR, except 35 cycles were used. For the 3Ј end RACE PCR, the first-strand cDNA was synthesized from total RNA by using the ProSTAR RT-PCR kit (Stratagene). The amplification was performed by using a nested PCR approach. The first-round amplification was performed by using the modified 27-mer oligo(
d) T primer (5Ј-GGATCCT T T T T T T T T T T T T T T T T T T T T-3Ј
) combined with the LRR1F primer (5Ј-TAAGGGCTTGTGG-AGTTTG -3Ј), which was designed according to the conserved 3Ј end sequences of the PIC19 genes. The PCR was 30 cycles of 94°C for 2 min, 50°C for 30 sec, 72°C for 1 min, and a final extension at 72°C for 10 min. A 1-l aliquot from the firstround PCR was used as template for the second-round amplification using the oligo(d)T primer and the LRR2F primer (5Ј-GGACGACTGTCAGAAGGAAC-3Ј). PCR products were cloned into the vector pCR 2.1-TOPO (Invitrogen). Twenty clones derived from either the 5Ј or 3Ј RACE PCR were randomly selected for isolation of plasmid DNA using the QIAprep Spin Miniprep kit (Qiagen, Valencia, CA).
Recombinant Plasmids. The plasmid HBT-SGFPTYG-NOS (pUC18), obtained from J. Sheen (Harvard University, Cambridge, MA), contains a synthetic GFP (SGFP-TYG) gene that was synthesized based on optimal codon usage for humans, maize, and Arabidopsis (20); J. Sheen, personal communication). The chromophore motif of the native protein (SYG) was mutated to TYG to yield a protein with a single excitation peak by blue light. The promoter region of the construct (HBT) consists of the cauliflower mosaic virus 35S enhancer fused to the basal promoter and 5Ј UTR of the maize C4PPDK gene (20, 21) , and the 3Ј region consists of the Agrobacterium NOS terminator.
Plasmid HBT-AVRRXO1-NOS was constructed by digesting HBT-SGFPTYG-NOS with BamHI and PstI to replace the GFP coding region with the avrRxo1 ORF1 (avrRxo1). During amplification of ORF1 by PCR, BamHI and PstI sites were appended to the 5Ј and 3Ј ends, respectively. The primers used to amplify the avrRxo1 ORF were: BamF; 5Ј-CGGGATCCCGAT-GAAAAACAAGACAGACAT-3Ј and PstR; 5Ј-CTGCAGGC-GAATTAGCTCGCTGTGAG-3Ј).
Plasmid pA7-9, which carries the full-length native Rxo1 gene, was constructed by digestion of BAC clone b0056G08 with EcoRI to isolate a 9,149-nt fragment that was cloned into vector pUC19. Maize was cotransformed with pA7-9 and pBARGUS (22) , which provided markers for the selection of transformed callus. Plasmid pBZ-1, which was used to transform to rice plants by Agrobacterium, was constructed by cloning the same EcoRI fragment from BAC clone b0056G08 into the binary vector pCAMBIA1305-1.
The RNA interference (RNAi) construct pRNAi-PIC19 was constructed as follows: a 1,238-nt BamHI-XbaI fragment carrying the antisense sequence of the paralog 1 (Rxo1) gene was amplified by using primers DsBam (5Ј-CGGGATCCGGGACT-TGAGAAATCTG-3Ј) and DsXba1 (5Ј-GCTCTAGACTTAG-AAGACACTGCTGA-3Ј). The BamHI-XbaI fragment was cloned into pUC19 to generate plasmid pDS1. A 1,125-bp XbaI-PstI fragment carrying the sense strand that is complementary to the antisense sequence in plasmid pDS1 was amplified by using primers DsXba2 (5Ј-GCTCTAGATGCGTGAA-CTTGCCATT-3Ј) and DsPst (5Ј-TGCATTGGTTCTGCAG-GGGACTTGAGAAATCTG-3Ј). The XbaI-PstI fragment was cloned into plasmid pDS1 to generate plasmid pDS12. The combined 2,363-nt fragment carrying the antisense following the sense strand of the NBS domain of the Rxo1 gene was released from plasmid pDS12 by digestion with BamHI and PstI and used to replace the GFP gene in plasmid HBT-SGFPTYG-NOS to make plasmid pRNAi-PIC19.
Transient Expression of Rxo1 and avrRxo1 in Maize Cells. Threeweek-old maize or rice seedling leaves were detached, placed on 0.15% water-agar plates, and cobombarded by using a particle inflow gun (23) . Three plasmids were cobombarded in each treatment. In negative control treatments, the plasmids were pUC19, HBT35S-avrRxo1 and either pHBT-GFP-NOS or pHC17, which expresses the ␤-glucuronidase (GUS) gene under control of the maize ubiquitin promoter. In treatments testing the native PIC19 paralog 1 gene with HBT35S-avrRxo1 and pAHC17or pHBT-GFP-NOS and in treatments testing HBT35S-paralog1 with HBT35S-avrRxo1 and pAHC17 or pHBT-GFP-NOS, the plasmids were mixed 1:1:1 in equimolar amounts with M-10 tungsten particles (Atlantic Equipment Engineers, Bergenfield, NJ) before bombardment. After bombardment, plates were maintained at 25°C with a 16-h photoperiod. At 24 h after bombardment, the GUS gene expression was detected by staining the bombarded leaf with the GUS stain solution and then destained with 70% alcohol. The expression of GFP was observed by using a Leica (Deerfield, IL) FLZIII fluorescent dissecting microscope with a GFP3 filter set.
Stable Transformation of Maize and Rice. Maize transformation was performed by using the biolistic method (23) . Immature embryos of rice cultivar Kitaake were transformed by using Agrobacterium as described (24) (25) (26) (27) (28) .
Results
Our previous results indicated that Rxo1 mapped to the short arm of maize chromosome 6, in the approximate location of an R gene-like sequence, PIC19 (15, 18) . Therefore, PIC19 was used as a marker to characterize the genomic region that carries the Rxo1 gene. When used to probe DNA of the maize line B73, PIC19 detected five to six restriction fragments in different enzyme digests (Fig. 1) , indicating a gene family. Gel blot analysis was performed with three different families derived from crosses between B73 (Rxo1) and Mo17 (rxo1): 131 recombinant inbred lines (RILs), 150 (rxo1͞rxo1) individuals from an F 2 family, and 219 RILs from a family derived from multiple cycles of intercrossing. The latter family exhibits a Ͼ3-fold increase in recombination compared with F 2 individuals because of the cycles of intercrossing (29) . Digestion with BglII generated five restriction fragments from B73 that could be distinguished from Mo17 fragments. In each family, the B73 restriction fragments cosegregated with the Rxo1-mediated HR, whereas the Mo17 fragment pattern segregated with the lack of HR. Three exceptional individuals were identified that had nonparental combinations of restriction fragments, indicating they arose from recombination events within the region carrying the gene family.
To examine the physical extent of the PIC19-hybridizing gene family and characterize the genes, a maize BAC library made from the B73 line was screened with the PIC19 probe. Twentyfive clones were selected and fingerprinted by comparing HindIII restriction fragments. The estimated extent of overlap between the BACs was in close agreement with the physical map under construction (www.genome.arizona.edu͞fpc͞WebAG-CoL͞maize͞WebFPC, contig no. 260). Five different PIC19-hybridizing sequences were subcloned and sequenced from the BACs. The intergenic distances were estimated after determining which specific BAC clones carried each of the five genes and the extent of overlap between the different BAC clones. The five genes spanned Ϸ600 kb, with the intergenic regions ranging from Ϸ80-100 to 300-350 kb (Fig. 2) . The genes were designated as paralog 1 at one end of the array through paralog 5 at the opposite end. Paralog 1 was predicted to code for a 905-aa protein typical of cereal (non-TIR class; ref. 30 ), NBS-LRR proteins (Fig. 2B) . Paralog 5 putatively coded for a similar protein (85% identical) except for a mutation causing a frame shift in the NBS-encoding region. Paralog 4 was also similar but carried several mutations that disrupted the ORF, and the other two paralogs were truncated by retroelement-like sequences. RT-PCR experiments with primers designed to nonspecifically amplify all of the genes indicated paralog 1 was the most highly transcribed, because 20 cloned amplification products all corresponded to this gene. Sequence analysis of RT-PCR products amplified with primers designed to be gene-specific verified that paralogs 4 and 5 were also transcribed. Comparisons of fulllength transcripts of paralog 1 with the genomic sequence indicated the gene had small introns in the 5Ј and 3Ј UTR and an intronless coding region.
Examination of the PIC19-hybridizing family members from the three B73 ϫ Mo17 progeny lines with nonparental combinations of restriction fragments indicated the gene cluster sometimes recombines unequally. Two individuals had identical banding patterns composed of six PIC19-hybridizing BglII fragments from a combination of the two five-fragment parental lines. Sequence analysis of gene fragments that were PCR-amplified by using conserved primers identified paralogs 3, 4, and 5 from the B73 parent, and at least two genes that did not match any of the B73 sequences apparently derived from the Mo17 parent. One additional individual had only three PIC19-hybridizing BglII fragments. Sequence analysis of amplified fragments demonstrated that it carried paralogs 1 and 2 and a third gene from the Mo17 parent (Fig. 5 , which is published as supporting information on the PNAS web site). One of the Mo17-derived genes was probably allelic to the B73 paralog 1, because only five nucleotide differences were observed between the 920-nt fragments sequenced. In contrast, the other two showed no clear affinities with the B73 genes, with one showing Ͼ5% sequence divergence to all of them. The copy-number variation in the progeny and the lack of clear allelic relationships provided evidence that the Rxo1 region mispairs in meiosis, reassorting the genes into new combinations. This phenomenon has now been demonstrated for two other resistance loci in maize (31, 32) and is thus probably the norm for linked R gene families in this species.
Transient transformation assays were used to determine whether the PIC19 paralog 1 gene controlled the Rxo1 phenotype. In these experiments, the putative R genes were delivered into leaf cells along with the avrRxo1 gene that encodes the X. o. pv. oryzicola effector protein recognized by the Rxo1 gene product. The defense response (HR) is monitored by examining the transformed cell's viability. Plasmid constructs carrying paralog 1, 4, or 5 were separately cobombarded into Mo17 (rxo1) maize leaf cells with plasmids expressing the GUS reporter gene and avrRxo1 (16) . Transient delivery of the avrRxo1 gene into B73 maize cells expressing the native Rxo1 gene caused cell death and reduced reporter gene expression (data not shown). Delivery of both the Rxo1 and avrRxo1 genes together also is expected to reduce reporter gene expression if their interaction conditioned cell death before noticeable amounts of the GUS protein were made. Only paralog 1 reduced reporter gene expression in these experiments. Although only partial suppression of reporter gene expression was observed when the native paralog 1 promoter was used, the inhibition of reporter gene expression was nearly complete when a strong (modified 35S) promoter was used (Table 1 and Fig. 6 , which are published as supporting information on the PNAS web site), and this suppression of reporter gene expression also depended on the presence of avrRxo1. Interestingly, similar transient expression experiments with rice indicated the paralog 1 gene was also able to recognize avrRxo1 and condition cell death in this species.
Transgenic maize plants were constructed to verify that PIC19 paralog 1 is the Rxo1 gene and examine its phenotype. To determine whether silencing the PIC19 paralogs would silence the Rxo1 phenotype, transgenic HiII (Rxo1) maize lines expressing both RNA strands of 1,125 nucleotides of the paralog 1 gene (LRR-encoding region) were made. Eight of 15 transgenics carrying the pRNAi-PIC19 construct showed little or no HR after inoculation with X. o. pv. oryzicola, indicating the Rxo1 phenotype was conferred by a member of the PIC19 gene family (Fig. 3) . The lack of HR cosegregated perfectly with the transgene in progeny of a cross between one of the silenced lines and B73. Stable transgenic maize lines were then made expressing the paralog 1 gene. A Ϸ9.1-kb maize genomic fragment (pA7-9) carrying paralog 1 with its native regulatory elements was transformed into an rxo1 maize line (Hi3) by microprojectile bombardment of callus. The Hi3 line was made for this purpose by crossing the rxo1 allele from the maize line H95 into the more easily transformed HiII line. T 0 plants expressing paralog 1 exhibited the HR after inoculation with X. o. pv. oryzicola (Fig.  4A) . Analysis of the progeny (T 1 ) of one of the transgenic lines demonstrated the HR phenotype cosegregated with the transgene (Fig. 4E) .
The Rba1 gene confers resistance to the maize and sorghum bacterial stripe pathogen, Burkholderia andropogonis, which mapped to the same region of the maize genome as Rxo1 (16) . When the transgenic Rxo1 maize lines were challenged with B. andropogonis strain Pa3549, they exhibited a strong HR (Fig. 4B ) and limited bacterial multiplication (Fig. 7 , which is published as supporting information on the PNAS web site). Taken together, the results verify that paralog 1 corresponds to the Rxo1 gene, and that Rxo1 and Rba1 are the same gene. The maize Rxo1 gene therefore conditions the HR to both the rice pathogen X. o. pv. oryzicola, which does not cause disease on maize, and the maize͞sorghum pathogen B. andropogonis. The ability of a single gene such as Rxo1 to confer resistance to two distantly related pathogen species is unusual but not unprecedented (33) (34) (35) (36) . One possible explanation is that the Rxo1 gene recognizes the same avr gene products in both bacterial species. However, the two bacterial species do not carry the same avr effector gene, because B. andropogonis DNA did not hybridize with avrRxo1. It is possible that the avr gene products from the two bacterial species share small regions of amino acid similarity, which may allow them both to interact (directly or indirectly) with Rxo1 (34). It is also possible that the Rxo1 gene product recognizes perturbation of a host component (37) that is caused by both bacterial species, as was demonstrated for certain Arabidopsis R genes (38, 39) . Our inability to detect a direct interaction between the Rxo1 and avrRxo1 gene products using a yeast two-hybrid assay is consistent with this as a mechanism for recognition in the Rxo1-avrRxo1 interaction (B.Z., unpublished results).
To test whether Rxo1 functions in rice, the Rxo1 gene, with its native maize regulatory sequences, was transformed into the rice cultivar Kitaake by Agrobacterium-mediated transformation. Kitaake is highly susceptible to X. o. pv. oryzicola. Thirty-six of 82 lines carrying the Rxo1 transgene from the pBZ-1 construct showed a strong HR when infiltrated with X. o. pv. oryzicola. Compared with the nontransgenic control rice plants, which showed spreading water-soaked lesions (Fig. 4C) , the lesions on the Rxo1 transgenes were restricted, confirming the expression of resistance. The HR cosegregated with the presence of the transgene (Fig. 4F) . To verify the transgene was functioning in a gene-for-gene fashion, the Rxo1 rice line was inoculated with isogenic strains of X. oryzae pv. oryzae with and without the avrRxo1 gene. X. o. pv. oryzae is closely related to X. o. pv. oryzicola but causes rice bacterial blight. Without avrRxo1, strain PXO99 was highly virulent on the Rxo1 rice lines, causing spreading water-soaked lesions. PXO99 with avrRxo1 elicited a strong HR, similar to X. o. pv. oryzicola, on rice with Rxo1 (Fig.   4D ). Within 3 days of inoculation, the interaction between avrRxo1 and Rxo1 resulted in a reduction of bacterial multiplication of Ͼ100-fold relative to rice without the Rxo1 gene (Fig.  4G ). This is similar to the effect of the Rxo1 gene in maize (16) . The Rxo1 transgene also reduced multiplication of B. andropogonis in rice (Fig. 7) .
Discussion
The function of Rxo1 in rice demonstrates that an NBS-LRR type of R gene can be effectively transferred between distantly related cereals. In similar experiments, maize Rp1 genes, which are also NBS-LRR genes, did not function in wheat and barley (14) . Other NBS-LRR R genes also have a restricted taxonomic functionality (40) , although some aspects of their function can sometimes be detected after transfer between distantly related species (41) . If other R genes function in heterologous cereal backgrounds, it will have a significant impact on strategies to improve disease resistance in our most important crops. Considering that the NBS-LRR genes account for Ϸ1% of genes in the rice genome (30, 42) and the thousands of different species of grasses, this could provide a deep resource of R genes to control different phytopathogens. In the case of Rxo1, the maize gene confers broad resistance to a diverse group of X. o. pv. oryzicola strains in rice (8) , where no R genes for this disease are known. The pathogen is important in Asia (3) and is also considered a threat to rice-producing areas like the U.S., should it be introduced, either accidentally or intentionally. A better understanding of NBS-LRR gene families may allow us to predict their specific functions and which genes will function in heterologous systems, which would greatly increase the stability of our agricultural systems.
The Rxo1 gene might be considered a component of maize's nonhost resistance to X. o. pv. oryzicola but is clearly not the only component, because maize lines that do not carry Rxo1 are also resistant to the rice pathogen. It is unclear how important genes such as Rxo1 are in preventing infection by pathogens of unrelated hosts, or whether they played a role in the evolutionary history of the host-pathogen interaction. It is clear from the present analysis, however, that they can be useful to control disease. A better understanding of other components of nonhost resistance will shed light on their utility in crop improvement strategies. 
